Europe was affected by a series of strong, persistent heatwaves during the summer of 2003. The largest positive anomalies in monthly mean temperatures were observed in June and August in a region stretching from south-west Germany across Switzerland to the eastern and southern parts of France (Figs. 1(a) and (e)). In eastern France, the northern parts of Switzerland and the German Alpine foreland, the June-August 2003 period was more than 5 degC warmer than the 1961-90 average, making 2003 the warmest summer in the above-mentioned area since at least 1864 (Schär et al. 2004; Bader and Zbinden 2003) , but more likely since instrumental records began in the mid-to-late eighteenth century (Fricke 2003; Schönwiese et al. 2004) . As a result, the impacts and the media interest were extraordinary. The World Health Organization (WHO) has estimated that the extreme heat caused more than 15 000 excess deaths in France, Portugal, and Italy alone (WHO 2003) . In the European Alps, extreme snow and glacier melt led to such an increased level of ice and rock falls in the mountain faces that the normal climbing routes to the highest and the most famous Alpine peaks (Mont Blanc and Matterhorn) had to be closed by the local authorities. Even though summer 2003 is not amongst the driest on record in central Europe, the impacts of its dryness (Figs. 1(b) , (d) , and (f )) were augmented by high evapotranspiration rates and drought conditions during the previous spring. As a consequence, large losses in crop yield and extremely low discharge levels of rivers were reported in large parts of Europe.
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Fig. 1 Mean June (a), July (c), and August (e) 2003 temperatures (contours in increments of 2 degC, 24°C isopleths in bold) and anomalies (degC, colours) with respect to the 1961-90 reference period. (b), (d), and (f), as (a), (c), and (e) but for accumulated monthly precipitation. Contours drawn are the

mm isopleths. (Data source: CLIMAT reports of monthly values issued by the national weather services. All stations with an altitude below 800 m were used. Black dots and crosses indicate locations of stations used (crosses indicate stations where anomalies could not be computed due to lacking climate values).)
In the present article, we will first give some details about the heat and drought conditions and put the observed extreme values into the historical context of instrumental observations. Next, we will discuss how far the unusual heatwaves, especially the most extreme one occurring in the first fortnight of August, can be explained by the anomalous occurrence and persistence of anticyclonic weather types over central Europe. After briefly discussing the impacts of the warmth and dryness on agricultural production, the European power market, and Alpine glaciers, we will discuss potential future trends in extreme summer weather in Europe.
Summer 2003 in temperature, sunshine, and precipitation records (Figs. 1(a) , (c), and (e)) it is clearly evident that June and August were the warmest months, even though July was also warmer than average by about 1-3 degC ( Fig. 1(c) ). In June, several lowland and mountain stations reported monthly anomalies in excess of 7 degC. Examples are Geneva in Switzerland (+7.6 degC) and the Feldberg mountain top (altitude 1493 m) in the Black Forest (+7.1 degC). In August 2003, the deviation from the monthly mean was more than +6 degC at many stations in south-west Germany, Switzerland, and France (e.g. the above-mentioned Feldberg, and Bourges in central France, both +6.6 degC). In contrast to June, when the warm anomalies lasted throughout the entire month, August was characterised by an extreme heatwave from 1 to 13 August during which many all-time temperature records tumbled in much of Europe. For example, the old Swiss temperature record of 39.0°C observed on 2 July 1952 in Basel was greatly exceeded by the 41.5°C reading in Grono (Mesolcina valley in the Canton Grisons, south Alps) on 11 August 2003 (Bader and Zgraggen 2003) . In Germany, daily maximum temperatures exceeding 40°C were recorded three times: on 9 August 40.2°C was measured at Karlsruhe and on the 13th again at Freiburg and Karlsruhe, exactly equalling the previous record observed on 27 July 1983 at Gärmersdorf (Bavaria). In central and eastern France, the daily maximum temperatures soared above 40°C at individual synoptic weather stations every day between 5 and 13 August, culminating in 41.1°C at Auxerre (Burgundy) on 6 August and 40.9°C at Colmar (Alsace, in the upper Rhine valley) on 13 August. In addition, the night-time minimum temperatures remained extremely high. The 27.6°C observed on 13 August at Weinbiet, located on the western slopes of the middle Rhine valley, is the highest minimum temperature ever recorded in Germany (previous record 26.5°C at Freiburg on 5 July 1957). As noted above, the summer dryness was not record-breaking. However, the hottest months, June and August, were accompanied by strong negative precipitation anomalies (Figs. 1(b) and (f )), whereas July was only slightly drier than normal in large parts of west central Europe ( Fig. 1(d) ). The positive precipitation anomalies over the western Alps in July in Fig. 1(d) are related to above average rainfall in southern Switzerland, but the regions north of the Alpine main divide were mostly slightly drier than normal.
The extraordinary nature of summer 2003 can be assessed from the long temperature record at Basel-Binningen dating back to 1755. Although some caution with respect to homogeneity of the time-series before 1864 must be taken into account (Bader and Zbinden 2003) , the mean June-August 2003 temperature of 22.8°C is an outlier in the Basel series (Fig. 2(a) ), thus making 2003 by far the warmest summer since observations started in 1755. This conclusion is corroborated by the discussion in Fricke (2003) of the long (since 1781) homogeneous timeseries of Hohenpeissenberg, a 986 m mountain top located in the Bavarian Alpine foreland. Note that the summer of 1947, the second warmest in Basel, had a mean temperature of only 20.6°C. The summer of 2003 was also the sunniest ever in Basel since observations began in 1886, with a sunshine duration of 907 hours (Fig. 2(a) ), marginally exceeding the 902 hours of the second sunniest summer in 1911. A good impression of the development of the 2003 drought conditions with respect to the mean and other extreme years is provided in Fig. 2(b) . It displays at a daily resolution the accumulated precipitation excess or deficit since the start of a calendar year with respect to the mean accumulation in the period 1879-2002 for Hohenpeissenberg. In the Bavarian Alpine (curve, 1755-2003) and total sunshine duration (bars, 1886-2003) foreland, the drier than normal conditions developed in late March, and by mid-June the largest precipitation deficit on record was observed for this time of year. After some rainfall in the second half of July, the accumulated precipitation deficit again dropped to record low values in late August. Note that due to an anomalously wet October, 2003 only ended as the third driest on record. Figure 3 conveys an idea about the impact of the dryness on the river flow of a major central European river, the Rhine. It shows the minimum daily discharge at Cologne, together with the corresponding hydrographs for 2003 and two other exceptionally dry years, 1947 and 1976 (cf. Fig. 2 (b) ). The latter two years also belong to the six driest on record at Hohenpeissenberg ( Fig. 2(b) ). In the Rhine catchment the period with below average accumulated areal rainfall had commenced already in February (Belz et al. 2004 This emphasises the fact that discharge values are more meaningful than just water levels due to changes in the cross-section of the river bed. Secondly, the daily mean discharge of the River Elbe at Dresden in August-September 2003 was the second lowest on the observational record, just one year after the record-breaking Elbe flood in summer 2002 (see Ulbrich et al. 2003a) .
Synoptic weather types (Grosswetterlagen) in 2003
In this section we try to answer the question as to what extent the prevalence of anticyclonic weather types is an explanatory factor of the observed warmth. To accomplish this goal, we use the subjective 'Grosswetterlagen'(GWL) statistics for central Europe which are available from 1881. The 30 GWL categories describe typical cyclonic, anticyclonic or neutral weather types over central Europe. They are subjectively determined for each calendar day on the basis of surface pressure and, since they are routinely available, also of 500 mbar geopotential height analyses. The statistics are published and updated by the German Weather Service. Examples of surface pressure and 500 mbar geopotential height charts for each GWL can be found on the website of the Potsdam Institute for Climate Impact Research (http://www.pik-potsdam.de/ uwerner/gwl/welcome.htm). In the period April-September 2003, the largest positive anomalies in the frequency of occurrence of anticyclonic weather types were associated with GWL 5 "Anticyclonic south-westerly regime", GWL 10 "Bridging of Azores and Russian highs over central Europe", and GWL 14 "High Norwegian Sea, anticyclonic surface conditions over central Europe". With respect to the reference period 1881-2002, the relative frequency of days with GWL 5, 10, and 14 between April and September 2003 was 9.3% (compared to the summer half-year average of 1.7%), 20.2% (7.2%), and 10.9% (4.2%), respectively. GWL 5 prevailed in the first half of June 2003. To give the reader an idea of the associated surface and mid-tropospheric conditions, the 500 mbar geopotential height and surface pressure distributions, computed from averaging the National Centers for Environmental Prediction four-times-daily reanalysis (Kalnay et al. 1996) between 5 and 11 June, are shown in Fig. 4(a) . Corresponding to the definition of GWL 5, central Europe was dominated by an anticyclonic south-westerly flow regime with weak surface pressure gradients and a midlevel ridge aloft. Daily 5-day backward trajectories starting at 850 mbar over southwestern Germany (not shown) indicate that this flow pattern was often associated with warm air advection from the western Mediterranean ahead of the trough northwest of the British Isles (Fig. 4 (a) ). Between 22 July and 4 August, i.e. just before and at the beginning of the major heatwave, GWL 10 has been diagnosed over central Europe (Fig. 4 (b) ). It was replaced by GWL 14, lasting from 5 until 13 August (Fig. 4 (c) ).
Comparison of Figs. 4(b) and (c) clearly reveals that geopotential heights rose over central Europe during the latter period, and that the build-up of a surface high pressure zone stretching from the Azores to the Norwegian Sea completely inhibited the intrusion of low-level cooler air from the Atlantic and North Sea into central Europe. The peak of the summer heat occurred at the end of the above-noted period during which GWL 14 prevailed.
The (Fig. 5(c) ). Moreover, analyses of the Karlsruhe temperature data (not shown) revealed that there is no general build-up of heat during a succession of days with the same anticyclonic weather type. Thus, other factors that will be discussed in some more detail in the concluding section must have played the decisive role for the extreme heat in August. One reason discussed below, the desiccation of soils, is related to the dryness of the preceding spring season and the summer itself. Figure 6 illustrates the mean (Fig. 6) . Subsequently, the rainfall deficit increased towards the summer and persisted until the end of the year. A similar behaviour has been noted above for Hohenpeissenberg (cf. Fig. 2(b) ). Note from the actual curve of accumulated daily precipitation that sporadic (convective) rainfall events also occur during anticyclonic weather types, but the first 13 days of August stayed dry in Karlsruhe. Usually, extreme temperatures destabilise the atmosphere, enhancing the likelihood of afternoon thunderstorms that reduce the maximum temperatures on the day of their occurrence and, very often, also on the following day due to enhanced cloudiness and a moistened land surface. This process was not effectively acting in the first half of August 2003 due to the anomalous stabilising subsidence during this period (cf. Black et al., this issue). Finally, note that anticyclonic GWLs occurred on each day of June 2003 ( Fig. 6) . Thus, the somewhat larger monthly temperature deviations, as compared to GWL 10, and (c) GWL 14, 5-13 August 2003 
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Fig. 4 Mean 500 mbar geopotential height (gpm, colours) and surface pressure charts (contours in increments of 5 mbar, 1015 mbar isopleths in bold) representing the anticyclonic GWLs (see text) that prevailed during the summer of 2003: (a) GWL 5, averaged between 5 and 11 June 2003, (b)
Fig. 5 Frequency of occurrence per 1 degC interval of daily mean June (a), July (b), and August (c) temperatures at the German station Karlsruhe (altitude 145 m) between 1890 and 2002. Only data from days which were assigned to anticyclonic GWLs 5, 10, and 14 (see text), respectively, are used. The vertical lines are drawn at the decimal values of the mean daily temperatures in 2003 for days that were assigned to GWL 5 (blue), 10 (red), and 14 (green) in 2003.
Impacts
The drought and heatwaves in summer 2003 affected not only central Europe, but also the west central Mediterranean area (cf. Fig. 1 ). In this context, Grazzini and Viterbo (2003) note record-breaking high sea surface temperatures in this area peaking above 30°C. While small-scale forest fires were observed all over central Europe and the western Mediterranean, the forest and bush fires on the Iberian peninsula were especially devastating. In Portugal, a total of 390 000 ha of forest and bush land were destroyed (the previous annual record loss of about 182 000 ha occurred in 1991) and 125 000 ha were burned in Spain. In much of Europe, the reduced crop yields, and shortages in green fodder supply to and increased mortality in the livestock and poultry stocks caused major financial losses to farmers. It is estimated that in France, Italy, Germany, Spain, Portugal, Austria, Hungary, Estonia, and Slovakia the financial losses due to agricultural and forestry damages add up to about 13.1 billion Euros (COPA-COGECA 2003) . Another less perceived pan-European impact was felt on the power trade market. As discussed above, the flow of central European rivers approached alltime low levels in August and September 2003. Consequently, several power plants had to reduce their output because they could not divert enough cooling water either physically or legally from the rivers. For example, the German nuclear power facility Isar1 reduced its power generation by about 40%. Although no overall energy shortage arose (regional power outages and restrictions were reported from Italy in June), the prices for electricity increased. As mentioned in the introduction, glaciers in the European Alps experienced an extreme ice melt and snowmelt. A good indicator of the annual ice and firn* gain/loss is the so-called specific mass balance in units of metres of water equivalent (m w.e.). It gives the net water depth -distributed across the area of the glacier -that melted or accumulated between the times of minimum snow-cover, usually in late September or early October. This roughly one-year period is called the 'glaciological year' . Mass balance measurements are extremely laborious and are performed on only about a dozen Alpine glaciers, mostly since the 1960s. The annual mass balance of almost all Alpine glaciers is basically determined by the summer weather -extended heatwaves without summer snowfall in the accumulation areas of the glaciers are detrimental. *Snow that has survived at least one summer melting season and has become more compact than freshly fallen snow.
Alps since 1961/62. The mass losses of 2.13 and 2.63 m w.e., respectively, in 2002/03 stand out in the time-series. , this corresponds to a thinning of the glaciers of about 12 and 21.4 m respectively. Another notable feature is the fact that 2002/03 is the first glaciological year since the beginning of measurements in 1880/81 in which no advancing or stationary glacier tongue was measured in Switzerland, i.e. all observed glaciers were on retreat during the year considered. The behaviour of the glacier tongue is, however, the integrated response of the mass balance over a number of years, ranging up to several decades. The different response times in the snout variations depend on the glacier's size, exposure to precipitation, steepness and glacier bed geometry. Figure 7(a) shows that the largest glacier in the Alps, the Grosser Aletsch, and a large glacier in the drier interior parts of the mountains (Morteratsch, Engadin) have continuously retreated since the beginning of measurements in 1881 (see also Dent, this issue). Note that the majority of the Alpine glaciers reached a historical maximum extension at the end of the Little Ice Age around the middle of the nineteenth century. Despite an overall retreat, the two fast-reacting glaciers in the Mont Blanc group, the Bosson and the Trient, advanced around 1890, 1920, and, for the last time, during the early 1980s. These periods were characterised by more frequent cool summers, as a close inspection of the Basel temperature record in Fig. 2(a) reveals. In the mid-1980s, a rapid retreat began, which can be explained by the increased summer warmth (cf. Fig. 2(a) ), especially in the months of July and August (not shown).
Some remarks on possible future trends in extreme summer weather
Understandably, the extreme year 2003 and the recent trend in summer temperature has prompted a discussion about future trends in summer heatwaves and droughts. Presently, several research projects funded by the European Union are ongoing that analyse coarse global ocean-atmosphere general circulation models and a variety of nested regional models with respect to future extreme events (e.g. MICE, STARDEX, and PRUDENCE projects -see http://www. cru.uea.ac.uk/projects/mps/). One such model developed in the UK is the Hadley Centre Regional Model, Version 3P (HadRM3P). The HadRM3P model was forced by the global Hadley Centre Atmospheric Model, Version 3P (HadAM3P), that has been integrated to 2100 according to the IPCC SRES A2 greenhouse-gas and aerosol-emission scenarios (Nakicenovic et al. 2000) . heat. In the model grid box encompassing Karlsruhe, the value rose from 20 to 64 days. These findings are consistent with the results recently described in Beniston (2004) and Schär et al. (2004) . The latter authors used a different regional model and found that a summer like 2003 can be expected in northern Switzerland to occur every second year at the end of the twenty-first century. Moreover, the model results suggest an augmented likelihood of extended dry spells, as can be seen from the increase in the number of dry days in HadRM3P shown in Fig. 8(b) . At the same time, however, they also indicate that the odds of extreme summer precipitation events will also rise in a future climate (see Ulbrich et al. 2003b ).
Conclusions and discussion
In this paper, an analysis of the synoptic situation and the impacts of the hot, dry 2003 European summer have been presented. From some of the longest temperature records from two stations (Hohenpeissenberg and Basel-Binningen) north of the Alps, it is suggested that 2003 was the warmest summer since observations began in 1755. However, a few summers have been drier than 2003 since continuous and reliable precipitation records started in 1879 at Hohenpeissenberg (Fig. 2(b) ) and in 1864 at Basel (not shown). The impacts of the heat and drought conditions on river flow, the power market and central European glaciers have been highlighted. It is argued that glacier melt prevented even lower water levels on the Danube and Rhine rivers. The discussed retreat of glaciers in the Alps since 1880 is an indirect evidence that the central European summer climate is warming, but the rate of melting has substantially increased since the mid-1980s. This is consistent with the summer temperatures at Basel (Fig. 2(a) ).
In terms of the meteorological causes of the summer heatwaves and dryness, it is demonstrated that anticyclonic weather types dominated over central Europe in 2003, especially in spring and summer (cf. Fig. 6 ). However, our preliminary results suggest that neither the absolute anomalies of the anticyclonic flow regime nor the duration of individual anticyclonic weather patterns alone give a satisfactory explanation of the extreme surface air temperature values observed in June and August 2003. This is probably due to the fact that the intensities of irradiation, cloud cover, moist convection, and heat advection vary between different periods of the same anticyclonic GWL. It is, however, argued here that the prevalence of anticyclonic weather in spring and summer 2003 caused the overall dryness of both seasons. This in turn led to a continuing reduction in the soil moisture content and a wilting of the vegetation as the seasons progressed. These surface conditions generally favour high temperatures because they enhance the surface sensible heat flux.
The record-breaking total sunshine hours at Basel in summer 2003 support the notion of an increased short-wave radiative forcing at the surface. In conjunction with a substantial decrease in the surface latent heat fluxes due to the dry soils and wilted vegetation, the radiative forcing will have augmented the maximum temperatures, especially in August 2003. Results presented by Black et al. (this issue) using ground heat flux and radiation data from a field site at Reading (UK), as well as net radiation and turbulent heat fluxes, averaged over Europe, from the European Centre for MediumRange Weather Forecasts analysis system support this view. A positive feedback between reduced soil moisture and cloudiness/moist convective activity might also be a causal factor. Furthermore, Black et al. (this issue) give evidence that strong anticyclonic subsidence prevailed over the Paris area during the peak of the August heatwave, thereby inhibiting cloud formation. They argue that the above-mentioned local impacts on the surface energy budget are the major explanatory factor for the August heatwave since airmass advection was weak as a result of slack pressure gradients. Extending their findings, the investigations presented here indicate that advection of anomalously warm air from the south-west played a role in the extreme June warmth.
The contrasting summer weather in 2002 -extreme floods -and 2003 -heat and drought -has stimulated discussions about the possibility that these events are indicators of an enhanced anthropogenic climate change. Schär et al. (2004) mention that the temperature anomalies in Switzerland measured in 2003 can be expected to occur only on the order of once in several thousand years, provided that stationarity in the historical time-series is assumed. If, on the other hand, the ongoing climate change results in an increased variability around a slowly increasing mean, as some climate models indicate, the 2003 event is at present already more likely than the traditional statistical analysis of observational records would yield (Schär et al. 2004) . The latter method to estimate recurrence intervals of rare events is based on the assumption of no changes in the shape of the probability density functions fitted to the observations. It should also be emphasised that the summer 2003 temperatures might have been exceeded in the pre-instrumental past. Patzelt (2004) 
